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Diffusion Tensor Imaging Tractography Parameters
of Limbic System Bundles in Temporal Lobe
Epilepsy Patients
Despina Liacu, PhD,1* Ilana Idy-Peretti, MD, PhD,2 Denis Ducreux, MD, PhD,1
Viviane Bouilleret, MD,3 and Giovanni de Marco, PhD4
Purpose: To investigate changes in diffusion tensor imag-
ing (DTI) measures in limbic system white matter of
patients with temporal lobe epilepsy (TLE) using diffusion
tensor tractography.
Materials and Methods: DTI metrics including fractional
anisotropy (FA), l1, l2, l3, and trace (Tr) coefﬁcients
were obtained from tractography for bilateral fornix, supe-
rior and inferior cingulum ﬁbers in 18 patients and 10
healthy controls. Hippocampal signal-to-noise ratio (SNR)
quantitative analysis was performed in order to conﬁrm
the magnetic resonance imaging (MRI) hippocampal lesion
presence or absence in TLE patients.
Results: Nine patients presented unilateral hippocampal
sclerosis (TLEþHS) and nine patients had no signal
abnormalities on conventional MRI (TLEHS). On the ip-
silateral seizure side, all three investigated tracts showed
signiﬁcant DTI indices abnormalities in both patient
groups when compared with controls, most marked on
the inferior cingulum. Contralateral to the seizure side,
the three tracts presented signiﬁcant DTI parameters in
only the TLEþHS group when compared with controls.
Conclusion: The DTI abnormalities found in the TLEHS
group may suggest that in the inferior cingulum the
structural integrity is more affected than in the fornix or
superior cingulum white matter bundles. The eigenvalues
taken separately add complementary information to the
FA and Tr metrics and may be useful indices in better
understanding the architectural reorganization of limbic
system tracts in TLE patients without HS.
Key Words: tractography; temporal lobe epilepsy (TLE); 
cingulum; fornix; diffusion tensor imaging (DTI); hippo-
campal sclerosis (HS)
HIPPOCAMPAL SCLEROSIS (HS) is an entity of neuro-
nal loss with gliosis involving the hippocampus and is
the most common disease associated with intractable
temporal lobe epilepsy (TLE). Conventional, anatomi-
cal magnetic resonance imaging (MRI) has been widely
used for the detection of brain lesions that result in
seizure activity. However, a major limitation of MRI is
the fact that MRI studies can be completely normal in
patients with TLE. By contrast, diffusion tensor imag-
ing (DTI) is sensitive to physiological changes that
take place in the brain tissue ictally and interictally.
The relevance of the limbic system as a neural
circuitry to TLE is well recognized (1). The two most
visible white matter connections in this circuit are the
fornix, which projects from the hippocampus to the
septal region and mamillary bodies, and the cingu-
lum, which connects the entorhinal cortex and the
cingulate gyrus.
As there is widespread propagation of synchronized
neuronal ﬁring in seizure disorders via neuronal net-
works, cortical and subcortical regions in the brain
can be affected despite a single seizure focus (2,3).
Therefore, evaluation of white matter tracts connect-
ing these various regions may provide useful informa-
tion regarding the diffuse changes in the brain that
accompany TLE.
The integrity of the axonal microenvironment can be
indirectly evaluated using DTI, which relies on meas-
uring the diffusion of water and its directionality in
three dimensions. Myelin sheaths that surround the
axons may contribute to the anisotropy for both intra-
and extracellular water (4). The most fundamental
quantitative measures are the three eigenvalues l1,
l2, and l3 of the diffusion tensor, which correspond
to the principal diffusion coefﬁcients measured either
along the ﬁber tracts (l1) or perpendicular to them
(l2, l3). The eigenvalues reﬂect the shape of the
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ellipsoid and their sum (the trace) reﬂects the size of
the ellipsoid. The most commonly used diffusion ten-
sor indices are the trace (Tr) or the mean diffusivity
(Tr/3) which characterizes the overall presence of
obstacles to water diffusion, and the fractional anisot-
ropy (FA), which is associated with the presence of
oriented structures in tissue (5). In normal ﬁber
tracts, water diffusion is anisotropic (ie, high FA),
whereas in degenerated ﬁbers the FA decreases sub-
stantially (6).
Brain ﬁber tractography using tensor diffusion data
allows depiction of white matter tracts, and compari-
son between normal and diseased ﬁber tracts enables
quantiﬁcation of white matter changes due to damage
(7,8).
Recent DTI studies focused on the axonal integrity
of the fornix and cingulum in TLE patients with uni-
lateral mesial temporal sclerosis (9,10). DTI abnor-
malities have also been demonstrated in several white
matter tracts in adult patients with TLE, including in
the internal capsule, the external capsule, the corpus
callosum, the fornix and the cingulum (8,11). In TLE,
it has been suggested that the epileptogenic zone is
involved in a hyperexcitable network with extensive
connections between the mesial temporal lobe struc-
tures, involving the temporal lobe and cingulate gyrus
white matter (12).
DTI analysis in patients with partial seizures and a
normal conventional MRI revealed signiﬁcant differen-
ces in diffusion indices compared with the control
group, suggesting that minor structural disorganiza-
tion exists in occult epileptogenic cerebral lesions
(13). TLE patients with and without HS also have dis-
tinctly different extratemporal white matter involve-
ment. While some white matter bundles are affected
equally in both forms of TLE, abnormalities of the
bundles directly related to the mesial temporal struc-
tures appear to be unique to TLE patients with unilat-
eral mesial temporal sclerosis (14,15). Thalamic
abnormalities were detected in patients with or with-
out HS and presented a bilateral gliosis or neuronal
loss in both groups (16).
The purpose of this study was to identify the DTI
parameters able to detect water diffusion abnormal-
ities in the fornix, parahippocampal cingulum, and
cingulate gyrus white matter ﬁbers in TLE patients
without HS (TLEHS) and TLE patients with HS
(TLEþHS) compared with healthy controls.
For the remainder of this article the parahippocam-
pal cingulum ﬁbers will be referred to as the inferior
cingulum and the cingulum ﬁbers near the cingulate
gyrus will be referred to as the superior cingulum.
MATERIALS AND METHODS
Subjects
Eighteen patients with seizures localized in the tem-
poral lobe were recruited and separated into two
groups regarding the MR ﬁndings: nine TLEHS
patients (six females, three males, mean 6 standard
deviation [SD] age ¼ 30.8 6 10.1 years) with no evi-
dence of signal abnormalities on conventional MRI
and nine TLEþHS patients (seven females, two males,
mean 6 SD age ¼ 33.0 6 8.3 years). The patients and
10 control subjects (seven females, three males, mean
6 SD age ¼ 31.0 6 5.4 years) without a history of
neurological disease were scanned using DTI.
Informed consent was obtained after the nature of the
procedure had been fully explained before scanning.
After reviewing the patients’ medical records the
selection criteria were deﬁned: 18–60 years of age,
complex partial seizures of deﬁnite or probable tempo-
ral lobe origin, absence or presence of hippocampal
sclerosis on MRI conventional data, and no other neu-
rological disorder. The TLE diagnosis relied on electro-
clinical data, electroencephalograph (EEG) recording,
and conventional MRI. The absence/presence of HS
on conventional MR images allowed the separation of
the patients into two groups: with and without HS.
Clinical and MRI patient data including the side of
the epileptogenic focus are presented in Table 1.
MRI Technique
DT-MRI data were performed on a clinical 1.5T
system (Sonata Siemens, Germany) with actively
shielded magnetic ﬁeld gradients (40 mT/m maximum
amplitude).
Conventional MRI
The following MRI pulse sequences were acquired: T1-
weighted images (TR ¼ 430 msec, TE ¼ 8 msec); T2-
weighted fast spin echo (FSE) (TR ¼ 6000 msec, TE ¼
102 msec); ﬂuid attenuated inversion recovery (FLAIR)
(TR ¼ 8740 msec, TE ¼ 104 msec, TI ¼ 2200 msec).
DTI acquisition was performed by single-shot spin-
echo echo planar imaging (EPI; TR ¼ 5300 msec, TE
¼ 110 msec, 240  240 mm2 ﬁeld of view [FOV], 128
 128 acquisition matrix, 1.875  1.875  4 mm3
nominal voxel size). Using a slice thickness of 4 mm
without gap, 30 images were acquired through the
entire brain. Diffusion-sensitizing gradient encoding
was applied in 25 directions with a diffusion-weighted
factor (b ¼ 1000 s/mm2), and the reference image
was acquired without use of a diffusion gradient (b ¼
0 s/mm2). The gradient directions were chosen using
the technique described by Basser et al (17). Twenty-
six images were obtained at each section, yielding
total of 780 images. DTI images were acquired only on
the axial plane. DTI acquisition time was 7 minutes
per subject study.
Hippocampal MR Measurements
In order to conﬁrm the qualitative ﬁndings on conven-
tional MR images we conducted quantitative analysis
of signal-to-noise ratio (SNR) on bilateral hippocampi
in all subjects. Hippocampi were delineated in one
plane where they are best visualized, avoiding the
adjacent cerebrospinal ﬂuid (CSF) space and the
temporal white matter. Regions of interests (ROIs)
were deﬁned by standardized circular regions, each
encompassing 49 pixels within each hippocampus on
the T2-weighted EPI image (b ¼ 0). The hippocampal
ROI’s size was smaller than the measured structure
in order to minimize the partial volume effects due to
CSF sampling and possible head displacement during
the scan.
The noise was estimated in a standardized circular
ROI measuring 625 pixels, extracted from background
(Fig. 1), paying attention to place it far from ghosting
and ﬁlter artifacts, visible as an increased signal near
image edges. SNR was calculated using the method
described by Dietrich et al (18).
To identify SNR anomalies in single patients, the
SNR of hippocampus was converted into Z-score using
formula: SNR Z-score ¼ (SNRpatient hippocampus  Mean
SNRcontrols)/Standard Deviation SNRcontrols.
The standardized Z-score was calculated for each
patient, and included the hippocampal SNR
subtracted by the mean and SD of the SNR values in
control patients (Table 1).
Fibers Analysis
Tractography Method
The DTI images were processed on an independent
workstation using MedInria 1.8.0 software (INRIA,
Soﬁa Antipolis) (19). The software uses the tractogra-
phy algorithm described by Mori et al (20) and Basser
et al (21). The algorithm starts from a voxel center
and proceeds in the direction of the major axis of the
diffusion ellipsoid. When the edge of the voxel is
reached, the direction is changed to that of the neigh-
boring voxel. Propagation in each ﬁber tract was ter-
minated if a voxel with an FA value less than 0.2 was
reached or turned at an angle greater than 45. This
method was adapted and extended in the MedInria
software (22). The criteria for judging local continuity
include minimal FA value, local curvature (angle dif-
ference between consecutive vectors), and local coher-
ence (regularization over local neighborhood). This
method provides traces with subvoxel precision by
using a concept similarly to the well-known surface
extraction method based on marching cubes.
Tractography and subsequent measurements were
performed separately for the left and right tract
regions in each subject. Diffusion tensor measure-
ments were obtained from the voxels that form the 3D
Table 1
Clinical and Conventional MRI Findings in TLE Patients
TLE
patients
no. Age Sex
Age at
onset
(years)
Duration
(years)
EEG
ictal
EEG
interictal
Qualitative
MRI (findings
of hippocampal
hypersignal on
T2 images)
Hippocampal SNR
measurements
( z-score values)
Left Right Left Right
1 26 F 5 21 _ LT No No 0.15 0.006
2 53 F 33 20 _ LT No No 0.10 0.2
3 19 F 8 11 LT LT No No 1.19 1.08
4 34 F 1 33 LT LT No No 1.33 1.68
5 35 F 18 17 LT LT No No 1.33 1.51
6 36 M 15 21 RT RT No No 0.79 0.51
7 26 M 22 4 LT LT No No 1.22 1.10
8 23 M 17 6 _ LT No No 0.62 0.61
9 26 F 23 3 _ LT No No 0.47 0.33
10 42 F 7 35 RT RT No Yes 0.72 3.88*
11 26 M 17 6 LT LT Yes No 4.94* 0.09
12 45 F 10 35 LT LT Yes No 2.83* 1.04
13 36 F 34 2 LT, F LT Yes No 2.91* 0.63
14 26 M 9 17 LT LT Yes No 3.36* 1.30
15 22 F 17 5 LT LT Yes No 7.02* 1.81
16 40 F 35 5 LT LT Yes No 3.32* 0.58
17 34 F 16 18 RT RT No Yes 0.68 4.50*
18 26 F 20 6 LT LT Yes No 5.13* 0.08
L ¼ left; R ¼ right; T ¼ temporal; F ¼ frontal; neg ¼ no abnormalities detected. The asterisk (*) corresponds to abnormal Z-score (P <
0.05).
Figure 1. Left and right hippocampal ROIs (49 pixels) on a
T2 (b ¼ 0) axial slice for signal evaluation. At the bottom
right of the image the ROI is positioned (625 pixels) for noise
evaluation.
structures derived from tractography, not from the
ROIs used for tract selection.
Tract Selection
For the assessment of inferior cingulum and fornix, a
seed ROI for tractography was drawn by a board-certi-
ﬁed neuroradiologist on the axial slice where the tract
could be identiﬁed on the b ¼ 0 image. Each ﬁber
tract was identiﬁed using unique or multiple ROIs to
select a population of streamlines that followed the
paths known from anatomy (23). Additional ROIs were
used to either eliminate or truncate stray ﬁbers that
did not conform to a priori knowledge about the par-
ticular ﬁber tract. These manually assisted ﬁber-
tracking procedures have been previously shown to be
quite reliable, even for operators without previous
ﬁber-tracking experience (24).
We computed full-brain tractography and then
selected the tracts that run through the ROI. The soft-
ware was used to create the FA color-coded map, and
color-coded directionality maps of diffusion, which
were overlaid on each other. The color-coded direc-
tional maps (red: left-to-right direction; green: ante-
rior-to-posterior direction; blue: superior-to-inferior
direction) provided easy visualization of the white
matter ﬁber tracts.
The cingulum bundles are represented in two sepa-
rate, cingulated (superior cingulum) and hippocampal
(inferior cingulum) portions. This separation is done
primarily because of the crossing ﬁbers between the
two portions of the tract making it difﬁcult or impossi-
ble to generate streamlines tracing the entire cingu-
lum with the deterministic tracking algorithm (25).
The inferior cingulum includes both long associa-
tion ﬁbers and shorter association ﬁbers within the
temporal lobe. In order to depict the inferior cingulum
ﬁbers, one ROI per tract located on the axial slice that
provided the clearest view of the hippocampus was
needed (Fig. 2).
For the superior cingulum ﬁbers, two manual ROIs
were drawn to adequately select the region: the ﬁrst
ROI was placed at the level of the border of the corpus
callosum and a second ROI placed at the inferior bor-
der of the corpus callosum (Fig. 3).
The fornix originates in the hypothalamic area, and
its anterior and posterior projections in the hypo-
thalamus can be identiﬁed on the color map (Fig. 4).
However, as the projection turned laterally and
approached the hippocampus, the fornix–stria termi-
nalis distinction became obscure at the current image
resolution.
Based on the geometry of the tract visualized on the
2D axial slices we draw the ROIs as follows: On the
inferior cingulum one circled ROI with size of 20 pix-
els was drawn; On the fornix and superior cingulum
we draw two ellipsoid ROIs with a size of 12 pixels
and 20 pixels, respectively.
The ROIs delineation was guided by the color-coded
directional maps in order to avoid the neighboring
ﬁber tracts voxels, especially in the case of fornix and
superior cingulum.
Statistical Analysis
Statistical analysis was performed using STATISTICA
6.1 (StatSoft, Tulsa, OK) software.
The mean values of FA, Tr, l1, l2, and l3 and their
SDs were calculated bilaterally for the fornix, inferior
and superior cingulum of each subject group.
Because no statistically signiﬁcant differences were
found in the control group between left and right DTI
parameters in fornix (all P > 0.78), inferior cingulum
(all P > 0.78), and superior cingulum (all P > 0.48),
measurements were averaged to obtain a single value
per individual (ie, [left þ right]/2)).
Figure 2. ROI placement for inferior
cingulum tract selection. Color-coded
maps were used to represent tract in-
formation. [Color ﬁgure can be viewed
in the online issue, which is available
at wileyonlinelibrary.com.]
Figure 3. ROI placement for superior
cingulum tract selection. Color-coded
maps were used to represent tract in-
formation. [Color ﬁgure can be viewed
in the online issue, which is available
at wileyonlinelibrary.com.]
For patient groups, the left and right measurements
were categorized into ipsilateral and contralateral to
seizure side. Group comparisons were assessed using
a two-tailed t-test.
The correlation of ipsilateral and contralateral to
seizure side DTI parameters of the white matter bun-
dles with age, age of seizure onset, and disease dura-
tion was examined using the Spearman rank correla-
tion coefﬁcient (r). Initially, P < 0.05 was considered
statistically signiﬁcant. A Bonferroni–Holm post-hoc
correction was used to compensate for the family-wise
error rate in multiple comparisons for each group of
pairwise comparisons.
The inter- and intraobserver analysis was con-
ducted on the inferior cingulum using Pearson’s
correlation coefﬁcient (PCC).
RESULTS
There was no signiﬁcant age difference between con-
trol and TLEHS patients (P ¼ 0.97), between control
and TLEþHS patients (P ¼ 0.53), and between the
patient groups (P ¼ 0.64).
No signiﬁcant correlation was found between ipsi-
lateral and contralateral DTI parameters and patients’
age, age of seizure onset, and disease duration for the
analyzed white matter bundles (r < 0.40, P > 0.05). A
strong correlation (PCC >0.5) was found interob-
servers and intraobservers on the inferior cingulum.
Quantitative SNR analysis conﬁrmed the qualitative
MRI ﬁndings on the affected hippocampus, the differ-
ence between patients’ mean SNRs hippocampus,
and controls’ mean SNR hippocampus being greater
than two SDs of the controls mean SNR hippocampus
(Table 1).
Ipsilateral DTI Parameters
Inferior Cingulum Fibers
We detected signiﬁcantly different l2 (P ¼ 8.4  103)
and l3 (P ¼ 6.3  104) (increased) values in the ipsi-
lateral inferior cingulum ﬁbers between controls and
TLEHS patients (Table 2). No signiﬁcant differences
were found between controls and this patient group
for l1 (P ¼ 0.61) and Tr (P ¼ 0.07). All TLEHS
patients presented a statistically signiﬁcantly different
(decreased) FA on the inferior cingulum ipsilateral to
the seizure side (Table 2) compared with controls (P ¼
2.8  105).
The TLEþHS patients group showed signiﬁcantly
different abnormalities characterized by increased l2
(P ¼ 1.9  105), l3 (P ¼ 1.1  107), and Tr (P ¼ 1.3
 104), and decreased FA (P ¼ 2.2  106), when
compared with controls. No signiﬁcant differences
were detected between HS patients and controls in l1
(P ¼ 0.24).
Fornix Fibers
In TLEHS patients, increased l3 and decreased FA
values were found statistically signiﬁcant when com-
paring with controls (P ¼ 0.009 and P ¼ 0.001,
respectively). In the TLEþHS group, we found
increased l2 (P ¼ 5.8  103) and l3 (P ¼ 5.9 
103), and decreased FA (P ¼ 5.3  104), compared
with controls (Table 2).
Superior Cingulum Fibers
Compared with controls, only the FA parameter was
found to be statistically signiﬁcant (decreased) (P ¼
1.7  103) and was found in superior cingulum ipsi-
lateral to epileptogenic zone in the TLEHS patient
group (Table 2). Comparisons between TLEþHS
patients and controls showed statistically signiﬁcant
(increased) l3 (P ¼ 2.2  104) and (decreased) FA
(P ¼ 1.3  105).
Contralateral DTI Parameters
No DTI parameters were found statistically signiﬁcant
when comparing the TLEHS patient group with the
control group in all tracts (Table 3) (P > 0.05). The l2
parameter was signiﬁcantly different (increased) in in-
ferior cingulum (P ¼ 3.7  103) and in fornix (P ¼
7  103) in TLEþHS patients versus controls. Statis-
tically increased l3 (P < 0.004) and decreased FA (P <
0.003) were found in all three tracts of TLEþHS
patients when compared with controls.
DISCUSSION
We focused our study on fornix and cingulum white
matter tracts since they are the major pathways
involved in the epileptic network in TLE patients. By
using DTI in combination with tractography we sub-
divided the cingulum ﬁbers into two regions in order
to selectively study their water diffusion properties in
TLE patients.
Figure 4. ROI placement for fornix
tract selection. Color-coded maps were
used to represent tract information.
[Color ﬁgure can be viewed in the
online issue, which is available at
wileyonlinelibrary.com.]
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It has been suggested that the analysis of the full
diffusion tensor including eigenvalues can provide in-
formation on structural integrity and the underlying
histological processes following injury to cerebral
white matter (26).
The major ﬁnding of this study was that different
patterns of diffusion changes found in TLEHS and
TLEþHS patients imply that, between all three investi-
gated tracts, the inferior cingulum seems to be the
most affected in terms of DTI abnormalities.
An interesting ﬁnding was that both patient groups
presented normal l1, increased l2 and l3, and
decreased FA in inferior cingulum when compared
with controls. Examination of the eigenvalues yields
interesting and clinically relevant information on the
underlying causes of reduced anisotropy. It has been
suggested the l1 parameter reﬂects axonal disruption
in white matter ﬁbers, while diffusivities perpendicu-
lar to the ﬁbers (l2 and l3) may indicate myelin
degradation (27).
Normally, axonal membranes and myelin pose bar-
riers to water displacement, such that water preferen-
tially diffuses along the direction of the axons (28). As
axons degenerate and break down with subsequent
degradation of myelin, the barriers that normally
hinder the diffusion of water across the axons disap-
pear, allowing a more spatially uniform proﬁle of
water displacement (ie, isotropic diffusion) (29).
While similar increases in l2 and l3 and reductions
in FA were observed in both patient groups, in
TLEþHS patients the structural disorganization and
slight expansion of the extracellular space were
detected by DTI as an area of increased trace in infe-
rior cingulum. Our ﬁndings are in agreement with
those reported by Concha et al (10), characterized by
increased mean diffusivity (Tr/3) and reduced FA. It
has been suggested that increased trace reﬂects
reduced cellular density or extracellular edema possi-
bly due to increased membrane permeability (30).
In TLEHS patients, the reduced FA associated
with a normal mean diffusivity suggests a loss of
directional organization in combination with a pre-
served cells density (31). The normal trace found in
inferior cingulum ﬁbers of TLEHS patients is sup-
ported by the results reported by Shon et al (14),
which used a voxel-based method to identify DTI
abnormalities while we evaluated DTI changes using a
tractography method.
On the contralateral to seizure side, no diffusion
changes were detected, suggesting that in inferior
cingulum of TLEHS patients the seizure network
may not be extensive. However, in the TLEþHS group
ﬁndings in inferior cingulum parameters are similar
to those reported by Concha et al (10).
In addition to a signiﬁcantly reduced FA found in
both patient groups, by analyzing the perpendicular
diffusivities separately (without averaging them), we
have shown a signiﬁcant increase in l2 and l3 in for-
nix of TLEþHS and only l3 in fornix of TLEHS. The
fornix is a heterogeneous structure containing bidir-
ectional ﬁbers interconnecting multiple brain regions.
Our results suggest that the diffusion changes are pri-
marily in the direction perpendicular to the axons and
are similar to the data reported by Concha et al (15).
These changes are consistent with axonal degenera-
tion within the ﬁber tract. Based on our ﬁndings, we
may consider that in fornix ﬁbers of TLEHS patients
there is a structural modiﬁcation of axonal membrane
probably expressing a myelin degradation beginning
(27), not yet visible on the MR conventional images.
As Govindan et al (32) observed, the l3 analyzed sep-
arately seems to be the most robust parameter in the
presence of crossing ﬁbers within the voxels.
On the contralateral side of TLEþHS patients, we
observed the same DTI abnormal changes—increased
l2 and l3, normal l1 and Tr, and reduced FA—as in
the ipsilateral side. These ﬁndings are consistent with
axonal degeneration within the ﬁber tract (10,31).
The superior cingulum of TLEþHS patients showed
an increased l3 and decreased FA. These ﬁndings
were detected bilaterally in the TLEþHS patient
group, supporting the idea that HS is associated with
bilateral limbic system pathology (10). The same DTI
pattern was observed in the fornix of the TLEHS
patient group and control patients.
In TLEHS patients, l1, l2, and l3 values did not
reach statistical signiﬁcance when compared with
controls. This observation might suggest that there is
no modiﬁcation in water molecule displacements.
The TLEHS patients showed only a reduced FA in
the superior cingulum, suggesting the presence of
ﬁber loss due to axonal membrane breakdown (6).
This ﬁnding is in agreement with the results of Con-
cha et al (15) that showed decreased anisotropy in
white matter tracts such as the cingulum and fornix
of TLEHS patients.
In all ipsilaterally investigated white matter tracts,
the DTI parameters failed to signiﬁcantly differentiate
the two patient groups. The FA parameter changes
appear to be less sensitive to structural changes caus-
ing loss of tissue organization in TLE patient groups.
Alternatively, different pathophysiological mecha-
nisms could be responsible for the differences
between the two TLE patient groups (33).
Further studies implicating a higher number of TLE
patients with normal conventional MRI and correla-
tion of tractography with clinical information would
be interesting to reinforce our study and to determine
the role of tractography in diagnostic accuracy of TLE
patients.
In conclusion, our ﬁndings suggest that, depending
on the white matter ﬁber localization with regard to
epileptogenic zone, the limbic system tracts have a
different DTI pattern in TLE patients with and without
HS. Using white matter tractography combined with
DTI in both patient groups we may suggest that the
inferior cingulum tract has more water diffusion
changes than the two other analyzed tracts. The
eigenvalues analyzed separately depict different struc-
tural abnormalities in limbic system tracts of TLE
patients with no abnormalities on conventional MRI.
Our DTI ﬁndings not detected with conventional MRI
that correlated with the EEG epileptogenic side, may
be considered an integral component of pretherapeu-
tic evaluation that may have an impact on surgical
strategy.
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